Abstract: This paper describes a fully three-dimensional deterministic propagation model based on a radar crosssection analysis of terrain pixels and building walls. The model utilises a variable resolution terrain database as well as a buildings database to predict signal strength, time dispersion and fading information[, in addition to providing spatial information (e.g. arrival angles) for the propagation channel. It considers scattering from illuminated terrain pixels and building walls as well as considering off-axis terrain and rooftop diffraction contributions.
I. INTRODUCTION
In most environments, wave propagation from transmitter (Tx) to receiver (Rx) is not restricted to the vertical TxRx plane but includes contributions from scattered fields off this plane [ 1, 2] . The resulting multipath propagation leads to a time dispersion of the received signal. Some knowledge of this dispersion (or a suitable measure of it) is particularly important for evaluating thle performance of digital communications systems [3] . Also, with the increasing use of smart antenna technology to improve system performance, there is a strong requirement for spatial information (e.g. arrival angles) for future mobile communications systems [4] . Clearly, conventional twodimensional models which only consider propagation in the vertical Tx-Rx plane are inadequate for these purposes. This necessitates a three-dimeinsional approach to propagation modelling to obtain this channel information [3] .
Even in urban areas where microce:lls and picocells predominate, these small cells exist alongside larger cells (radius > 1Km) and it is often necessary in network planning to determine the interference effects between one cell and the other (CA). There is a need for fast and efficient prediction models which integrate propagation in macrocellular environments with some of the main features of propagation in microcells, particularly building scatter and rooftop diffraction. Whereas lateral or corner diffraction is the dominant diffraction mechanism for coverage within microcells (with base station antennas typically below rooftop level), wave propagation between microcells and macrocells mainly involves rooftop diffraction. Also, individual buildings can significantly affect propagation in built-up areas, particularly in the vicinity of the transmitter and receiver; as such some knowledge of the position, shape and size of each building is required [5] .
In this paper we present a fully three-dimensional deterministic model which uses a 3-D raster database for buildings in addition to a variable resolution Digital Terrain Map (DTM). It considers scattering from terrain and building walls as well as diffraction over rooftops and terrain obstacles. The three-dimensional model is described in section 11, while section 111 presents some of the predictions from the model and compares them with narrowband measurements carried out in the prediction area. The importance of buildings and foliage is investigated as is the accuracy improvement of the 3-D analysis compared to the more simple 2-D approach.
PROPAGATION MODEL
The model predicts signal strength, time dispersion (complex impulse response and delay spread), fast fading (Rician K factor) as well as arrival angles for all rays at the receiver. Predictions are made for single receivers points, multiple receiver points (random locations or locations along a specified route), as well as for specified areas (i.e. circular or rectangular grids).
A. INPUT DATA
The DTM contains raster terrain elevation data with 50m resolution and covers a lOKm x lOKm area. The elevation data has been commercially obtained by the use of aerial photography and photogrammetric techniques.
The terrain is then modelled as a series of plane scattering surfaces, each plane uniquely identified in threedimensional space by its centre point and normal vectors. However, planes which fall within built-up areas are further subdivided into 10m x 10m sub-pixels, giving rise to a variable resolution DTM.
A buildings database consisting of three-dimensional raster cells with 10m resolution is then superimposed on to the variable resolution DTM. Each isolated building is modelled as a solid polygon of a specified height, and contributes 5 scattering areas or pixels, corresponding to the walls and roof of the building. Fig. 1 This somewhat coarse representation of buildings is considered reasonable for the purposes described earlier, and is considered necessary to allow large terrain areas up to lOKm x lOKm to be modelled.
In addition to the DTM and buildings database, we use a clutter database which defines the ground cover for each terrain pixel. Each pixel belongs to one of 10 ground cover classes, each class having pre-defined surface roughness parameters (standard deviation of surface heights and correlation length [6] ) and electrical properties ( permittivity and conductivity ). The initial values used for these parameters were obtained from the literature (e.g. [7] ) but are intended to be tuned following validation measurements. For simplicity, all building walls are assumed to have the same composition ( i.e. electrical properties and surface roughness parameters).
B. PATH LOSS CALCULATIONS

I ) Scattered Paths
Each illuminated terrain pixel and building wall contributes a unique propagation path between the transmitter and receiver. Illumination is defined by:
where IYi and IYr are the incident and scattering angles between the normal to the pixel and the directions to the transmitter and receiver respectively. For pixels without line-of-sight (LOS) to transmitter and receiver, these angles are calculated from the closest diffraction edge to the pixel. Only first order scattering is considered in the current implementation of the model.
To determine diffraction losses, terrain profiles from the transmitter to each pixel, and from the pixel to the receiver, are reconstructed, taking into account the variable resolution nature of the database. Diffraction losses are then estimated using Fresnel's knife-edge diffraction equation, for up to two knife edges along the profile. Picquenard's diffraction construction ([ 81) is used for multiple diffraction edges. -the Kirchhoff and small perturbation method ( [9] ) and -a modified form of the Lambertian emitter model (modified to take into account the effects of surface Both methods produced similar results but the latter was adopted due to the mathematical complexity of the Kirchhoff and small perturbation approach.
Lastly, the arrival angle for each ray is calculated, and the phase angle for the ray is then calculated from its path length.
antenna gains in the direction (e,$) respectively transmitter and receiver respectively and roughness) [lo] .
2) Direct Path
Free space propagation is assumed in the direct path between the transmitter and receiver. In addition to the free space loss, the model can add diffraction losses for up to 5 diffractions, a loss due to inadequate Fresnel zone clearance, and losses due to the presence of foliage in the path. Foliage loss calculations are based on an empirical formula derived from measurements ([ 1 11). These calculations make use of a vectorised database of hedgelines and tree locations.
C. EXTENSION OF VARIABLE RESOLUTION APPROACH FOR LARGE AREAS.
To increase computational speed when dealing with large areas, the variable resolution approach is extended
respectively. The size of the ellipses are specified prior to each run as part of the input parameters to the program. Buildings are only considered in the innerimost zone as the effects of buildings are deemed to be most significant in the vicinity of the transmitter and receiver. Also, in the middle and innermost zones, scattered paths are only considered if at most two diffractions are encountered, but for the outer zone, only pixels with LOS to both transmitter and receiver are considered. It is believed (and results confirm) that there is no significant loss of accuracy as a result of this approach. This is because, in general (but not always) contributions to the received power from pixels decrease with increasing distance from the transmitter and receiver; as such we consider it reasonable to progressively decrease the terrain resolution (and thereby improve speed) for those pixels further away from the transmitter and receiver. This approach is illustrated in Fig. 2.   displayed) . Fig. 3b then shows the resulting impulse response, while Fig. 3c shows the arrival angles at the receiver for the rays shown in impulse response. Fig. 3d illustrates the received power predicted for a specified route and shows the differences in prediction for the 2-D (vertical plane) and 3-D approaches. It also shows the effect on the signal strength of neglecting the effects of individual buildings (building scatter and rooftop diffraction) for a specified route. This technique has the further advantage of allowing us to investigate the sensitivity of the measured and predicted results to the terrain resolution, by judiciously allocating the sizes of the ellipses. In addition, by varying the size of the innermost ellipse we can evaluate the effect or importance of buildings as a function of distance from the transmitter and receiver.
D. MODEL OUTPUT
Excess time delay&
Fig. 3b:Predicted Impulse Response
The instantaneous received power is tlhe phasor sum of all rays in the direct and scattered paths. The rms. delay spread and the Rician K factor for the channel are calculated from the complex impulse response. The model supports full 3-D antenna patterns and arbitrary 3D polarisation states. Fig. 3a shows a sample output of the model. It illustrates the three-dimensional variable resolution database for a 1Km x 1Km slice of the available area, and shows the 10 strongest ray paths from the transmitter to the receiver (strength proportional to thickness of ray;
-the program will find many hundreds of rays, however, for visualisation purposes, only the most significant are 
MEASUREMENTS AND ANALYSIS
A. MEASUREMENTS
Narrowband measurements have been made in an urban and a rural macrocell, at 1823MHz. These measurements were aimed, not only at validating the developed model, but primarily at tuning the model parameters such as the electrical and surface roughness values for scattering off terrain and buildings, as well as the foliage attenuation calculation parameters. We present results for the rural area measurements, carried out in Dundry, a village on the outskirts of Bristol. Results for the urban area are being processed and will be presented at the conference. The measurements were made using a car field survey system (FSS), with the receiver antenna mounted on the roof of the car (1.5m high) . The transmitter and receiver antennas were both dipoles, with the transmitter antenna mounted on a pump-up mast at a height of 10m. The total transmitted power (EIRP) was 33dBm. Fig. 5 and Fig. 6 show the measurements for a vertically polarised and a horizontally polarised transmitter respectively, compared with the 3-D and 2D model predictions. Finally, the effects of neglecting foliage and buildings is demonstrated in Fig. 7. ...... Measurbment The primary aim of the measurements was to investigate and understand the importance of modelling foliage and buildings, and not just a validation exercise.
The chosen route in Fig. 4 has hedges (about 3m-5m high and 2m thick) on both sides of the route, close to the starting point. This was considered useful for fine-tuning the foliage loss calculations in the model. Additionally, there were a few farmhouses close to the transmitter location, and along the measurement route.
The predictions made use of the ellipse-bounded zonal approach illustrated in Fig. 2 , with the innermost ellipse enclosing all the buildings within a distance 500m greater than the direct distance from the transmitter to the receiver.
In general, good agreement is obtained for the 3-D approach, with an overall rms. error of 7.5dB for the vertically polarised transmitter (Fig. 3, and 8dB for the horizontally polarised transmitter (Fig. 6) . The rms. error is slightly higher for the first half of the route due to inaccuracies in the foliage attenuation calculations. A more analytic approach (e.g. [ 121) is being investigated to replace the current empirical one. Fig. 5 and Fig. 6 clearly illustrate that even for a relatively flat area, a three-dimensional approach still produces more accurate results than simply considering the two-dimensional vertical cut from the transmitter to the receiver, in addition to providing extra channel information (time dispersion, fading, and spatial information ). The rms. errors between the 2-D profiles and the measurements increase to 1'1.5dB for the vertically polarised transmitter (Fig. 5) , and 10.5dB for the horizontally polarised transmitter (Fig. 6) . The importance of considering foliage and buildings in the propagation path, especially in the vicinity of the transmitter and receiver is emphasised by Fig. 7 . Attenuation values of up to 20dB are observed due to the presence of thick hedges and tree canolpies, giving an overall rms. error of 18dB between the prediction and measurements (Fig. 7) . This high error was due to the low height of the transmitter above the ground (10m) which allowed the direct path to the receiver to always be blocked by foliage.
IV. CONCLUSION
We have presented a three-dimensional propagation model based on a variable resolution terrain and buildings database. The model can integrate propagation in macrocellular and microcellular environments and as such is useful for interference calculations between macrocells and microcells. The model supports full off-axis roof-top and terrain diffraction, combined scattering from buildings and terrain features, and combinations of these, as well as foliage attenuation. Initial measurements in a rural macrocell have been presented and show good agreement with model predictions. We have shown that errors as high as 18dB. The accuracy improvement of the 3-D analysis over the 2-D approach has also been demonstrated., with an rms. error of 7.5dB obtained for 
